A central unanswered question in phototransduction is how photosensitive molecules, visual pigments, regulate their absorption spectra. In nature, there exist various types of visual pigments that are adapted to diverse photic environments. To elucidate the molecular mechanisms involved in the adaptive selection of these pigments, we have to identify amino acid changes of pigments that are potentially important in changing the wavelength of maximal absorption (λmax) and then determine the effects of these mutations on the shift in λmax. The desired mutants can be constructed using site-directed mutagenesis, expressed in tissue culture cells, and the functional effect of virtually any such mutant can be rigorously determined. The availability of these cell/molecular methods makes vision an ideal model system in studying adaptive mechanisms at the molecular level. The identification of potentially important amino acid changes using evolutionary biological means is an indispensable step in elucidating the molecular mechanisms that underlie the spectral tuning of visual pigments.
INTRODUCTION
Visual pigments represent a group of G protein-coupled receptors (96, 115) that are responsible for the capture of photons and the initiation of visual excitation. Each visual pigment consists of an integral membrane protein, opsin, and a chromophore, either 11-cis-retinal or 3-dehydroretinal. The light sensitivity of the visual pigments is due to the chromophore, which is covalently bound via a protonated Schiff's base (100, 101), and each pigment is tuned to a particular wavelength of maximal absorption, λmax. The spectral tuning of visual pigments is controlled by direct or indirect interactions between chromophore and opsin, and different opsin structures will often result in different λmax values (88) .
A central unanswered question in phototransduction is how visual pigments achieve a wide range of λmax values, from ultraviolet at about 350 nm to far red at about 700 nm. Several authors have expressed bovine rhodopsin mutants in cultured cells, reconstituted with 11-cis retinal, and then measured the λmax values of the regenerated visual pigments (59, 60, 89, 104, 118) . These studies have led to the discovery of key structural amino acids common to different visual pigments, including a conserved disulfide bond (C110 and C187), counterion to the protonated Schiff's base (E113), sites of light-dependent phosphorylation by rhodopsin kinase (S and T residues in the C-terminal tail), glycosylation sites (N2 and N15 in the N-terminal tail) (88) , and conformational changes (21) . However, virtually none of these mutants is found in nature, and the significance of these amino acid changes in the spectral tuning is not obvious. Some mutagenesis experiments using the bovine (14) , human (3, 54, 55) , and fish (109) opsins are based on actual polymorphism data and are realistic, but the range of the λmax values considered is very limited. To understand the mechanism of spectral tuning in general, a more comprehensive mutation analysis is needed (111, 112) .
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This chapter describes how the existing opsin sequence data can be used to identify potentially important amino acid changes that may modify the wavelength of absorption. This approach is based on the fact that vertebrate ancestors have adapted to various photic environments by modifying their visual systems, including opsin sequences, and that amino acid changes involved in these processes are actually utilized by organisms. This method of identifying critical amino acid changes and the subsequent mutant assays using cultured cells provide an ideal opportunity to study the molecular mechanisms of adaptive evolution of vertebrates rigorously. In turn, these procedures reveal the fundamental mechanisms involved in the spectral tuning by visual pigments.
MECHANISM OF VISION
Vision begins when a photon is absorbed by a visual pigment. Visual pigments are located in the outer segment of each photoreceptor cell (102, 116). Upon receiving a photon, the chromophore in the visual pigment isomerizes to alltrans retinal, inducing a conformational alteration in the protein, and results in the spectral intermediate metarhodopsin II (51) . Metarhodopsin II activates the G protein transducin and the transducin further activates the effector cGMP phosphodiesterase, which then closes cation channels, hyperpolarizing the illuminated photoreceptors. The electrical signals emitted by the visual pigments reach the visual cortex of the brain, and animals can visualize the outside world.
Like other G protein-coupled receptors (96), visual pigments undergo desensitization, becoming refractory to further stimulation after the initial response despite the continued presence of a stimulus of constant intensity (81) . Phosphorylation is a critical event in regulating this process. Rhodopsin kinase phosphorylates metarhodopsin II at multiple sites on the C-terminal tail of the opsin (32, 70, 75, 76) . The phosphorylated opsin then binds arrestin and inhibits the interaction between visual pigment and transducin competitively (77, 91, 107) . Once the activity of metarhodopsin II is quenched by phosphorylation and the binding of arrestin, the dark state of visual pigment is regenerated. This regeneration occurs by hydrolysis of the Schiff's base linkage, dissociation of all-trans retinal from the opsin, rebinding of 11-cis retinal or 3-dehydroretinal, dissociation of arrestin, and dephosphorylation (75) . These regenerated visual pigments are again ready for the absorption of a photon to initiate the phototransduction (81) .
Humans, like many other vertebrates, have two kinds of photoreceptor cells, cones and rods. Cones function in bright light and are responsible for color vision, while rods function in dim light and do not perceive color. The visual pigments in rods, rhodopsins, have a λmax value of about 495 nm. Human color vision is mediated by three types of cone visual pigments that have λmax values at about 420 nm (blue-or short wavelength-sensitive; SWS), 530 nm (greenor middle wavelength-sensitive; MWS), and 560 nm (red-or long wavelengthsensitive; LWS). The use of the SWS, MWS, and LWS pigments allows humans to see the entire spectrum of visible color (58). The opsin genes that encode the rhodopsin, SWS, and LWS and MWS opsins are located on the chromosomes 3, 7, and X, respectively (62). The X chromosomes typically contain at least one LWS and multiple MWS opsins (66, 68) .
VARIATIONS IN THE VISION SYSTEM
Physiologically, the rod photoresponse is 2-5 times slower than that of a cone but is 100 times more sensitive to light (108). Thus, the ratio of rods to cones often correlates with the photic backgrounds. Since deep-sea fish or nocturnal organisms need to maximize sensitivities to the available light, many of them have a higher proportion of rods in the retina (17, 47) . Many fish, frogs, and birds can modify the effective use of rods and cones in the retina by mechanistically repositioning the photoreceptor cells in the retina. In bright light, the rods elongate and the cones contract, placing the cones first in line for light reception and shielding the rods from light exposure. During the dark, the opposite movement of photoreceptor cells occurs. This retinomotor activity can be regulated both by circadian signals and by light (7) .
The relationships between the types of visual pigments and the ecological background of organisms are probably best studied in fish with clearly defined photic environments. Freshwater is relatively more transparent to red light, and freshwater fish often have LWS visual pigments in addition to the SWS and MWS visual pigments (50), whereas most deep-sea fish have visual pigments absorbing light at 470-480 nm (79) . In fact, the adaptive changes of the visual pigments to different environments are often far more subtle, as exemplified by fish species that occupy progressively deeper habitats showing gradual blueshifts in λmax (9). Many amphibians and fishes can detect longer wavelengths by replacing the chromophore 11-cis retinal by 3-dehydroretinal (105), which are often triggered by certain ecological conditions or developmental stages (49). Furthermore, the color vision of many amphibians, reptiles, and birds is also modified by the colored oil-droplets that are lodged in their photoreceptor cells (11) . (For more examples, see 116.)
ADAPTIVE SELECTION

Balancing Selection and Directed Adaptive Evolution
It is not easy to demonstrate a clear-cut case of adaptive evolution of vertebrates at the molecular level because it is difficult to find genetic systems where 319 the functional effects of adaptive mutants can be rigorously assessed. The existence of positively selected mutations in different genetic systems has been suggested statistically, typically by showing that the number of nonsynonymous substitutions per site exceeds that of synonymous substitutions per site (e.g. 31, 114). For example, major histocompatibility complex loci (e.g. 78) in vertebrates and self-incompatibility loci in plants (e.g. 28, 84) exhibit high levels of allelic diversity and long persistence of allelic lineages. Since it is advantageous for organisms to have a larger number of alleles at these loci, the involvement of some types of balancing selection is reasonable (31) . Naturally, these genetic systems tend to maintain diverse alleles in a population rather than replacing one allele by another, as is exemplified by industrial melanisms (42) .
Adaptation of organisms to certain environments is based more on "directed adaptive evolution" than on a "balancing selection." Proteins (and DNAs) that have experienced such directed adaptive evolution should contain mutations that are used for natural selection. How can we find such genetic systems? To date, one of the best examples of the directed adaptive evolution of proteins is that of crocodilian hemoglobin. The hemoglobin maintains high acidity when crocodiles stay under water for a prolonged period of time. This adaptation can be explained by only five amino acid substitutions in key positions (80) . The convergent evolution of stomach lysozyme of ruminants and foregut lysozyme of langer monkey can also be explained by a small number of amino acid substitutions (95). Even in these systems, however, actual functional effects of the potentially important amino acid changes are not known.
Spectral Tuning as a Model System
Directed adaptive evolution of different organisms to various photic environments has generated diverse visual systems. From a variety of visual pigments, we can identify potentially important amino acid changes that are responsible for the shifts in λmax values of visual pigments (112). The actual effects of these mutants must be tested experimentally. Indeed, the step of this functional assay of mutants is the strength of the molecular analyses of the visual pigments. The proposed amino acid changes can be incorporated into existing opsins using site-directed mutagenesis. The mutant opsins can be expressed in cultured COS cells and reconstituted with the chromophore 11-cis retinal. We can then measure absorption spectra of the resulting visual pigments (14, 59, 60, 73, 89, 109, 118) . In general, these in vitro results agree well with the data on absorption spectra of visual pigments obtained by physiological methods (35, 48) , justifying the expression analyses of various opsins using cultured cells (e.g. 109). This method allows study of the directed adaptive evolution of vertebrates at the molecular level.
GENE DUPLICATIONS AND ADAPTIVE CHANGES
How could animals adapt to different photic environments? Figure 1 suggests that five major groups of retinal opsins (RH1, RH2, SWS1, SWS2, and LWS/MWS clusters) and one group of nonretinal P-opsins are generated by five gene duplication events (113, 116). Basically, the existence of two copies of the same gene enables one of the copies to accumulate mutations and eventually to emerge as a new gene, while the other copy retains the old function (71) . Thus, gene duplications followed by nucleotide substitutions are the basis for the functional differentiation of the six major groups of opsins. Within each opsin group, further functional differentiations and sometimes additional gene duplication events can also be detected.
RH1 Cluster
The RH1 cluster consists of rhodopsins that are functional in dim light and do not perceive color. The RH1 visual pigments have λmax values of 490-510 nm ( Figure 1 ). Among these, the RH1 pigments of American chameleon (Anolis carolinensis) and of Mexican cavefish (Astyanax fasciatus) are especially noteworthy.
American chameleon has a pure-cone retina (17) . Furthermore, rhodopsin cannot be detected in the retina by immunocytochemical assay (24) . Unexpectedly, however, the expression of the RH1 is detected in the retina by RT-PCR assay (40) . Although its orthologues are expressed in rod cells in other species, American chameleon RH1 appears to be adapting to the pure-cone retina (41) . For example, hydroxylamine reacts with the retinal in a Schiff's base linkage, forming retinal oxime and apoprotein (25) . Since this reaction takes place in cone pigments but not in rhodopsins (37, 103) , the sensitivity to hydroxylamine can be used to distinguish the cone and rod pigments. For example, the reaction to hydroxylamine of the bovine rhodopsin pigments exhibits a typical rod pigment, showing no effect to hydroxylamine. However, the American chameleon RH1 pigment is sensitive to hydroxylamine and the half time of decay of the pigments (5 h) is more like a cone pigment than a rod pigment.
Unlike other rhodopsins, the RH1 pigments of the cavefish and its surface form of A. fasciatus have an unusual Y261, which is a LWS pigment characteristic (see below). The regenerated Y261F pigments showed 8 nm blue-shifted λmax compared to 504 nm of the wild-type pigment (109). The Astyanax visual pigments contain roughly equivalent amounts of 11-cis retinal and 3-dehydroretinal (44) . Thus, in this species, there is a consistent tendency for red-shift in λmax by using the permanent means of mutation combined with the more modulated usage of 3-dehydroretinal. In nature, this red-shift may be helpful for its visual requirements in a shallow freshwater environment (109). Figure 1 Phylogenetic tree of vertebrate opsins constructed by applying the neighbor-joining method (87) to the number of amino acid substitutions. RH1, rhodopsin cluster; RH2, rhodopsinlike cluster; SWS, short wavelength-sensitive cluster; P, pineal gland-specific cluster; LWS/MWS, long wavelength-sensitive cluster or middle wavelength-sensitive cluster. Values after P in parentheses denote λmax values.
RH2 Cluster
The λmax values of the RH2 pigments reconstituted with 11-cis retinal range from 467 nm (SWS) of gecko to 511 nm of goldfish ( Figure 1 ). However, this is not the whole story. In fact, the photoreceptor cells with the chicken RH2 pigments with λmax value of 508 nm are MWS in nature, with λmax values of 533 nm due to the presence of a green-colored oil droplet (11) . Similarly, goldfish (P506) and goldfish (P511) pigments may be MWS because of the use of 3-dehydroretinal as the chromophore (37) . Thus, in nature, the photoreceptor cells with the RH2 pigments can attain a wide range of color vision, ranging from SWS to MWS vision.
SWS Clusters and UV Vision
The SWS1 pigments have λmax values of 360-420 nm, whereas the SWS2 pigments have more red-shifted λmax values, ranging from 347 nm to 455 nm ( Figure 1) . It was previously reported that the UV gene was isolated from zebrafish (85). This UV opsin was shown to be evolutionarily most closely related to the goldfish RH1 opsin (30, 112, 113, 116) and had an intriguing characteristic, i.e. only one amino acid change W126K appeared to be responsible for the λmax-shift from 500 nm to 360 nm (85) . Unfortunately, this supposedly-UV opsin is in fact expressed in rods (82) and is not the real zebrafish UV opsin (92) . Furthermore, K126 reported by Robinson et al (85) appears to be incorrect. Thus, all currently known violet and UV opsins belong to the SWS1 cluster.
UV vision has been used by many fish, bird, amphibian, reptilian, and mammalian species (34) . The petals of bird-pollinated flowers have substantial UV reflectance, which may provide attractive targets to those with UV vision. Similarly, the color patterns of fish and birds also reflect UV, where individuals with UV vision may have an advantage by enhancing the visibility of body coloration patterns (12, 27) . Recent findings of dewlap UV reflection of five species of Puerto Rican anoline species provide another example of possible adaptive change to different photic environments. Three species with UV-bright dewlaps live in microhabitats that are often exposed to direct sunlight, while the two species with no UV reflection live in the understory of closed-canopy forest, where little UV light is available (23) . Thus, studies on the relationship between the UV vision of these species and availability of UV light in their habitats will shed light on the adaptive evolution of UV vision.
To analyze the molecular basis of UV vision, it is essential to construct the UV pigments and their mutants using cultured cells. We regenerated the American chameleon UV visual pigments in cultured COS cells for the first time and evaluated its λmax value [American chameleon (P358) in Figure 1 ; 41]. This is an important first step in the molecular analyses of UV vision.
LWS/MWS Cluster
All LWS and MWS pigments are responsible for achieving λmax values of 520-570 nm ( Figure 1) . As already noted, chicken and possibly goldfish RH2 pigments also achieve MWS vision. Some species have all LWS, MWS, and RH2 genes. For example, the Mexican fish A. fasciatus has one LWS, two MWS, and one RH2 genes, while one LWS and one RH2 opsin cDNA clones have been isolated from goldfish (37) . How do these two relatively closely related fish species functionally distinguish the MWS and RH2 genes for their MWS vision? At least one of the two MWS genes appears to be used for the MWS vision in cavefish, whereas the RH2 gene of goldfish may be used for the same purpose. Curiously, gene duplication of the ancestral LWS and MWS opsin genes precedes the divergence of the two fish species, suggesting that goldfish should also have an additional gene orthologous to that encoding the cavefish MWS opsin [cavefish (P533) in Figure 1 ] (83). This argument is also supported by Southern analysis (83) . Also note that when the goldfish LWS opsin, which is orthologous to the cavefish LWS opsin, was expressed in the cultured cells, the resulting pigments had a λmax value of 525 nm (MWS) rather than the expected value of 560 nm (LWS) (Figure 1; 37) . Thus, the real goldfish LWS opsin has not yet been identified. If the second LWS/MWS gene detected by Southern analysis turns out to be the real LWS/MWS opsin gene, then the actual functions of goldfish (P511), goldfish (P506), and goldfish (P525) pigments in goldfish color vision need to be reevaluated.
P Cluster
Virtually all eukaryotes and some prokaryotes express daily rhythms in their behavior, physiology, and biochemistry (2). These rhythms are synchronized by environmental cycles of light and temperature. The pineal glands of birds, reptiles, and fish (97), the hypothalamic suprachiasmatic nucleus of mammals (53, 86), and the retina of amphibians (13) and mammals (98) reveal circadian oscillations. The dissociated pineal cell cultures reveal three major components: (a) a photosensitive input pathway; (b) a circadian oscillator that generates the rhythm; and (c) an output pathway that results in the synthesis of melatonin (20) .
Recently, the pineal gland-specific opsin (P-opsin) genes have been isolated from chicken (52, 72), pigeon (39) , and American chameleon (40) . These P-opsins and the visual opsins are evolutionarily related (Figure 1 ). How commonly is the P-opsin gene found among vertebrates? Southern hybridization analysis detects the P-opsin gene only in marine lamprey, birds, and reptiles, but not in frog (Xenopus laevis), human, and bovine, implying that it has disappeared from other species during vertebrate evolution (40) . What types of opsins are used in the pineal glands of teleosts, amphibians, and even in some mammals? Perhaps these species use retinal opsins and/or entirely new, yet unknown, pineal gland-specific opsins for pineal phototransduction.
Lizards have an additional nonvisual photosensitive organ, the parietal eye, that is suspected to enhance the detection of dawn and dusk (94). The RT-PCR analysis of American chameleon shows that (a) all RH1, RH2, SWS1, SWS2, and LWS opsins, but not the P-opsin, are expressed in the retina; (b) the expression of the P-opsin and much lower levels of SWS1, SWS2, and LWS opsin expression are detected in the pineal gland; and (c) SWS1 opsin and much less SWS2 and LWS opsins and P-opsin are detected in the parietal eye (40) . In chicken, both P-opsin and LWS opsin are expressed in the pineal gland (72) . The significance of these expression patterns of different visual opsins in nonvisual photosensitive organs remains to be elucidated.
Exon-Intron Structure
The RH1, RH2, SWS1, SWS2, and P-opsin genes contain 5 exons; and the LWS/MWS genes contain 6 exons. The introns 1, 2, 3, and 4 of the RH1, RH2, SWS1, and SWS2 genes and introns 2, 3, 4, and 5 of the LWS/MWS genes interrupt their coding sequences at exactly the same corresponding sites. The position of the second intron of the P-opsin gene is displaced 14 nucleotides toward the 3 direction compared to those of the equivalent intron on the retinal opsin genes (39, 40, 52) .
One interesting exception from these exon-intron structures of the opsin genes is the RH1 genes in fish where all four introns are missing (22) . Since the marine lamprey RH1 gene contains four introns at the same position of the corresponding sites of other RH1 genes (117), the ancestral fish species must have lost all introns at some stage of fish evolution.
Paralogous Genes, But Same Function
We have seen that the RH2 pigments are used for MWS vision (chicken and possibly goldfish) and for SWS vision (gecko). Without using colored oil droplets or 3-dehydroretinal, SWS and LWS/MWS vision of vertebrates is typically achieved by SWS and LWS/MWS pigments, respectively. Why then were paralogous genes used for the SWS and MWS vision? Although chicken has 6 major groups of opsin genes, it lacks the MWS gene (Figure 1 ) so that it probably had to use the RH2 opsin for MWS vision. Why did gecko not use either SWS1 or SWS2 pigments for its SWS vision like other vertebrates? It turns out that gecko has only rods in its retina (102). Since RH2 is more closely related to rod-specific RH1 than SWS1 and SWS2 (Figure 1) , the RH2 might have adapted to the pure-rod retina more easily than the SWS opsins. At present, it is not known if gecko still possess SWS genes.
RED AND GREEN COLOR VISION
When color vision of different organisms is surveyed, only a limited number of species in the bony fishes, birds, reptiles, and primates is found to have trichromatic color vision, and many extant vertebrates are color-blind (e.g. 8, 33, 35, 102). For example, most mammals have dichromatic color vision, having SWS pigments with either MWS or LWS pigments (35) . The trichromatic color vision in higher primates is believed to have evolved to facilitate the detection of yellow and red fruits against dappled foliage (56).
To understand the molecular mechanisms underlying the difference between LWS and MWS vision, the LWS and MWS opsins from human and the Mexican cavefish, A. fasciatus, were compared (110). This evolutionary analysis suggested that (a) the LWS and MWS genes of the two species are derived by independent gene duplications, followed by nucleotide substitutions, and (b) the LWS opsins in both humans and fish evolved from the MWS opsin independently by three identical amino acid changes from AFA (A180, F277, and A285, following the residue numbers of the human LWS/MWS opsins) to SYT at the corresponding positions (110). Neitz et al (69) concluded, by characterizing eight LWS/MWS sequences from primates, that the spectral difference between MWS and LWS vision can be explained by the difference between AFA of the green pigment and SYT of the red pigments. These three positions are located near the chromophore (113, 116), which suggests possible interaction between these amino acids and the chromophore. The three corresponding amino acid changes A164S, F261Y, and A269T in bovine rhodopsin increased λmax values by 2, 10, and 14 nm, respectively, showing that these changes could explain most of the 30-nm difference between MWS and LWS vision (14) . Qualitatively, the same conclusion has been reached by constructing human MWS and LWS pigment mutants, except that the entire 30 nm of λmax-shift also requires the minor contributions from Y116S, T230I, S233A, and F309Y (3). A180S in the human LWS pigment (54, 55) shifted λmax by 4 nm toward red. So far, with the exception of the LWS opsin of goldfish, all known LWS opsins contain SYT at the three critical sites, while most other opsins have AFA at the corresponding sites.
To achieve LWS and MWS vision, animals usually require both LWS and MWS opsin genes. However, many New World monkeys have only one X-linked opsin gene locus with multiple alleles (10, 36, 57, 69) . For example, in squirrel monkey (Saimiri sciureus), the visual pigments based on three alleles have λmax of 532, 547, and 561 nm and consist of amino acids AFA, AFT, and SYT at the three critical sites, respectively (69) . In this visual system, all males and homozygous females at this locus are dichromatic. However, if heterozygous females happen to have both pigments with λmax of 532 and 561 nm, then they attain full-fledged trichromatic color vision (8, 10) . Like alleles at the major histocompatibility complex loci and those at the self-incompatibility loci, these three alleles are probably maintained by some type of balancing selection (93).
LWS/MWS Genes on the Human X Chromosome
Men with trichromatic color vision are proposed to have typically one LWS gene and one, two, or more MWS genes (19, 38, 62, 63) . The proximity and sequence homology among the head-to-tail array of genes appear to provide a suitable condition for unequal homologous recombination events. The intraand intergenic recombinations produce various types of hybrid (or fusion) genes and a variable number of genes, respectively. Intragenic recombination between LWS and MWS genes produces both 5 MWS-LWS 3 and 5 LWS-MWS 3 hybrid genes (18, 62, 63, 65) . The addition of the 5 MWS-LWS 3 gene to an otherwise normal gene array containing wild-type LWS and MWS genes causes the most common inherited color vision defect, deuteranomaly (63) . Interestingly, most of the deuteranomalous men have wild-type MWS gene(s) that do not contribute to correct the defective color vision (66) . This particular example may give the impression that the hybrid genes always lead to color blindness. However, some males with normal trichromatic color vision have the 5 MWS-LWS 3 hybrid gene instead of the wild-type LWS gene (68) . This observation shows that, in human, as long as the exon 5 of the gene encodes Y277 and T285, the LWS vision is restored. More generally, the spectral sensitivities of the MWS and LWS pigments are determined mainly by the amino acids at sites 277 and 285 that are encoded by exon 5 of the LWS and MWS genes (66) (67) (68) 110 ). Thus, we may define any genes, including hybrid genes, that encode Y277 and T285 as LWS genes, and those encoding F277 and A285 as MWS genes. Thus, many human X chromosomes have more than one LWS gene, and sometimes even up to four (67, 68) .
Ancestral Opsins
One way to study the process of evolutionary change from dichromacy to trichromacy is to infer the amino acid sequences of opsins of ancestral organisms using the present-day sequences. Considering currently available LWS and MWS opsins of higher primates, the amino acid sequences of the opsins at all nodes of the evolutionary tree have been inferred (64) . The analysis shows that the ancestor of the higher primates had the LWS opsin with AYT at the three critical sites, suggesting that the ancestral organism of hominoids and Old World and New World monkeys had the LWS pigments without any MWS pigments. This observation differs from the hypothesis proposed by Yokoyama & Yokoyama (110), where the LWS opsins in both human and fish were considered to have evolved from the MWS opsin.
When a more diverse range of vertebrates is considered (Figure 2 ; S Yokoyama, submitted), it is likely that the vertebrate ancestor (node a) in Figure 2 initially had the MWS pigment with AFA at the three critical sites and that the common ancestor (node c) of the land animals, such as lizards, birds, and mammals, attained the LWS pigment by two amino acid substitutions F277Y and A285T. Biologically, this change might have been helpful for the early land animals to switch their lifestyle from their blue water environment to more reddish photic environments. The inferred amino acids AYT at the three critical sites for the mammalian ancestor (node d) are further supported by the LWS/MWS opsin DNA sequences of different mammals such as cat (Felis catus), dog (Canis familiaris), rabbit (Oryctolagus cuniculus), and rat (Rattus norvegicus), all of which encode AYT at these three critical sites (S Yokoyama & FB Radlwimmer, unpublished data). The SYT of the extant LWS pigments of the land animals are achieved essentially by an additional amino acid substitution A180S. The fish LWS pigment evolved from the ancestral MWS pigment by the three amino acid substitutions AFA → SYT (node b). Figure 2 shows that the extant MWS pigment in the primate lineage was derived in two steps (AFA → AYT → AFA), while that in the fish lineage is the direct descendant from the vertebrate ancestor. Thus, the LWS pigment in both primate and fish lineages evolved from the ancestral MWS pigment. The changes from the LWS pigment to the MWS pigment in lizards and higher primates are made of the revertants AYT → AFA and appear to have occurred independently. Thus, although the evolution of the LWS and MWS pigments appears to be more complicated than Yokoyama & Yokoyama (110) originally suggested, the convergent evolution of the LWS and MWS pigments can be traced to different stages of vertebrate evolution.
SPECTRAL TUNING
Theory
A protonated retinylidene Schiff's base alone in solution absorbs maximally at 440 nm (43) . Any shift from this value, called "opsin shift," may come from interactions between the opsin and its retinylidene chromophore. Thus, Kropf & Hubbard (45) suggested an electrostatic interaction between retinylidene Schiff's base and charged amino acid sites in an opsin. To test this "electrostatic interaction" model, several authors modified amino acids of the bovine rhodopsin by site-directed mutagenesis. Out of a total of 33 mutants, 9 amino acid changes shifted more than 5 nm in λmax (Figure 3 ). In particular, E113Q causes the most dramatic effect, shifting its λmax from 500 nm to 380 nm (46, 60, 89, 118) . How realistic are these mutagenesis experiments with respect to spectral tuning? In fact, no species is known to have used E113Q for an actual blue-shift in λmax. So far, with the exception of E122Q, no "electrostatic" mutant in Figure 3 has been found in nature.
Can we conduct more realistic mutagenesis experiments? Since some mutant substitutions have allowed organisms to adapt to different photic environments by directed adaptive evolution, our task is to identify those mutants that are in fact responsible for the shift in λmax. Obviously, evolutionary genetic methods will provide the most effective way in solving this problem. In turn, this approach will elucidate the molecular mechanisms involved in the spectral tuning. Molecular mechanisms involved in the adaptive evolution of visual pigments must be studied basically in two steps. First, we need to identify amino acid changes of visual pigments that may change their λmax values. Once potentially important amino acid changes are identified, their effects on the shifts in λmax values have to be determined, as already noted. The first step is more critical in conducting experiments to elucidate the mechanisms involved in the spectral tuning. To establish the correlation between certain amino acid changes in visual pigments and the directions of λmax-shifts, we first construct the evolutionary tree for different visual pigments (e.g. Figure 1 ) and infer not only the times and directions of their λmax-shifts in the evolutionary tree but also amino acid sequences of ancestral organisms. Then we can determine the directions of potentially important amino acid changes. In this process, we mostly consider highly conserved sites because the evolutionary conservation often implies functional importance (111, 112).
Applications
SUCCESS As we already saw, based on the evolutionary model, AFA of the MWS pigment and SYT of the LWS pigment at the corresponding three critical sites were proposed to be the major cause of the difference between the red and green color vision (110). In this particular example, it has been predicted that "the amino acid substitution at this residue [180] may not have been as important as those at residues 277 and 285 in the development of the red visual pigment" (110). Thus, the method sometimes can detect even very subtle differences. This part of the hypotheses of Yokoyama & Yokoyama (110) has proven to be very accurate using site-directed mutagenesis and tissue culture cells (3, 14, 54, 55, 109) . FAILURE The evolutionary model has also made false predictions. By constructing the evolutionary tree for 28 pigments with known λmax values, a total of 55 amino acid changes are shown to correlate with the direction of λmax-shifts (112). The amino acid changes suggested using the evolutionary models usually do not overlap with those using the "electrostatic interaction models" and provide an entirely new set of amino acid substitutions of possible functional importance (112). This is reasonable because evolution often depends on conservative amino acid substitutions. Without comparative analyses, mutagenesis experiments tend to rely on amino acid changes with drastic physicochemical differences and are often unrealistic. Among the 55 changes proposed, three amino acid changes (L95V, L95I, and W126K) were considered to be potentially important (112). First, W126K (W142K if the sites of the human LWS/MWS opsins are taken as standard; 112) was incorrectly presented to be unique to the zebrafish UV opsin (85) and was proposed to be responsible for the change in λmax from 500 nm to 360 nm (85, 112) . Because of the false identification and incorrect sequencing of the zebrafish UV gene (92) , this particular prediction turned out to be false. At site 95, the SWS1 and SWS2 opsins have either V or I, while all other opsins in vertebrates and invertebrates have L at the corresponding sites, suggesting that L95V and L95I cause the blue-shift in λmax. It was not mentioned in the analysis, but Y194F is also a promising candidate. This is because the gecko blue opsin [gecko (P467)] in the RH2 cluster; the human [human (P420)], bovine (15) , and mouse (15) opsins in the SWS1 cluster; and the LWS opsin of goldfish [goldfish (P525)] in the LWS/MWS cluster have F194, whereas all other opsins all have Y194. Thus, Y178F appears to cause the blue-shift in λmax. To test these hypotheses, three mutations (L95I, L95V, and Y194F) were introduced into the corresponding sites of the bovine rhodopsin. These mutants were expressed in the cultured COS cells, regenerated with 11-cis retinal, and measured the λmax values of the resulting visual pigments. However, none of these mutants showed the expected λmax-shift (S Yokoyama & W Wang, unpublished results).
What's Next?
Why can we not always predict correct amino acid changes that cause λmax-shift? As for L95V and L95I, it has recently been found that the putative mouse (15) and American chameleon (41) UV opsins have L at the corresponding sites. These additional data show that L95V and L95I are not correlated with the blue-shift in λmax. So far, currently available sequence data do not disprove the correlation between Y194F and a blue-shift in λmax, but some new sequences will presumably negate the correlation in the future. In addition, Y194F may not be involved in a λmax-shift because this site is located outside of the transmembrane region (see below) and probably does not interact with the chromophore. These negative results clearly demonstrate that, in order to identify important amino acid changes responsible for λmax-shifts, we need a larger number of visual pigments with variable λmax values and their opsin sequences.
To make the prediction based on the evolutionary model more accurate, it is desirable to have an additional step of biophysical analysis. A striking feature of visual pigments is the presence of seven stretches of hydrophobic amino acids, which are remarkably similar to those of bacteriorhodopsin, a nonG protein-coupled light-driven proton pump from Halobacterium halobium. Thus, a bacteriorhodopsin-like topography with seven transmembranes has been proposed (1, 26) . Many features of this model appear to be valid according to a general model for G protein-coupled receptors based on a large number of amino acid sequence comparisons (4) and the projection structure of bovine rhodopsin at 9Å resolution determined by cryo-electron microscopy (90, 99). The tentative tertiary structure of visual pigments and experimental analyses on visual pigment activation have been used to elucidate functionally important processes during activation of rhodopsin and other G protein-coupled receptors (5) . The ultimate goal of the evolutionary model approach in understanding the mechanisms of spectral tuning is to accurately infer the magnitudes of λmax-shift caused by certain amino acid substitutions. For this purpose, it is important to develop biophysical theories on the determination of wavelength absorption by a visual pigment based on its tertiary structure (e.g. 6). These analyses will significantly enhance the power of predicting potentially important amino acid changes.
CONCLUSION
Animals and plants in nature exhibit a seemingly endless variety of colors and patterns. Given these variable environments, animals' survival depends strongly not only on how well they can use their body colors in avoiding predators and in mating but also on how accurately they can evaluate their surroundings. Since vision has profound effects on the evolution of organisms, it is not difficult to imagine that animals modify their vision systems to cope with their special photic environments. Even so, it is still impressive to witness the amazingly diverse vision systems that have actually been achieved by different animals at the eye, photoreceptor cell, visual pigment, and opsin levels (33-35, 49, 102 ). Population biologists have described a large number of examples of animal colorations relating to camouflage, mimicry, warning, and sexual display (e.g. 16, 29, 74, 106) . Vision scientists have found extensive morphological variations of the vision system (e.g. 102), and in addition they have compiled extensive data on the absorption spectra of photoreceptors and visual pigments from a diverse array of vertebrates (48).
Dramatic improvements of our understanding of the genetic basis of vision was brought by the molecular characterization of the human RH1, SWS1, MWS, and LWS genes (61-63). The availability of cDNA clones from these studies has facilitated the isolation of retinal and nonretinal opsin genes and cDNA clones from a variety of species. So far, more than 50 clones of opsin genes from different vertebrate species have been completely characterized. These and other partial opsin gene sequences reveal the importance of both gene duplication events and accumulation of mutations in the differentiation of various opsins and visual pigments.
To understand the molecular genetic basis of spectral tuning of visual pigments, it is essential to establish correlations between the sequences of visual pigments and their λmax values. Of course, the critical amino acid changes identified in this way have to be tested to ascertain whether they are in fact responsible for the λmax-shifts using site-directed mutagenesis and tissue culture cells. A major goal of the study of molecular evolution is to understand the molecular mechanisms involved in functional adaptations of organisms to different environments, whereas that of phototransduction is to understand the mechanisms in the regulation of wavelength absorption. Therefore, as far as the adaptive evolution of vision is concerned, both evolutionary biology and vision science have an important common goal. Clearly, evolutionary biology has a much more practical side than one may realize, and comparative data analysis can be used as a convenient tool in designing mutagenesis experiments.
Once molecular genetic bases of wavelength absorption by visual pigments and photoreceptor cells are elucidated, we will be ready to elucidate the relationships between colorations and patterns of animals and color vision-oriented animal behavior. Then, we will be closer to fully appreciating the complexity of colors and patterns exhibited by animals and plants in nature.
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